IGFs and their binding proteins are important regulators of fetal development. We have previously reported that overexpression of the human IGF binding protein-1 in mice is associated with glomerulosclerosis. The aim of this study was to investigate whether, in that model, decreased bioavailability of IGFs also affected nephrogenesis. When the mothers expressed human IGF binding protein-1, pups were growth retarded and had a reduced number of nephrons. Even nontransgenic pups born to heterozygous mothers had a nephron reduction, indicating that renal hypoplasia was secondary to fetal growth retardation. When the transgene was expressed only in the fetus, pups had a normal birth weight and the kidney was normal at birth, as indicated by histologic studies. However, a significant reduction in the nephron number was observed at 3 mo of age. Because nephrogenesis continues for a few days after birth in the mouse, this indicated that human IGF binding protein-1 overexpression altered postnatal nephrogenesis. In addition, exogenously added IGF-II, but not IGF-I, was effective in stimulating in vitro nephrogenesis. Together these elements suggest that reduced amounts of circulating IGFs, presumably IGF-II, impair kidney development. In the mammalian embryo, metanephros formation is initiated when the ureteric bud interacts with the undifferentiated metanephric blastema. This leads to branching morphogenesis of the ureteric bud that subsequently matures into collecting tubules, while groups of mesenchymal cells aggregate on induction by the ureteric bud ends, then become polarized and differentiate into a complete nephron (1) . The growth factors involved in the control of the number of nephrons have not been clearly delineated despite the fact that many are expressed within the developing kidney from the early stages of renal organogenesis (2) . For example, epidermal growth factor has been shown to modulate the fate of the nephrogenic mesenchyme but toward a stromal cell phenotype (3) . And the fibroblast growth factors, which favor the development of renal progenitor cells by rescuing them from apoptosis, do not stimulate mesenchymal-epithelial conversion (4) . Only vitamin A derivatives have been shown to modulate the nephron mass in a dose-dependent manner (5-7). Their effects were secondary to an enhanced branching morphogenesis of the ureteric bud, leading more ureteric bud extremities to induce mesenchymal cells to aggregate into nephron anlagen.
The IGF signaling system is a major determinant of mammalian embryonic growth. It depends on the IGF peptides, their binding proteins, and their receptors. IGF peptides and the type 1 IGF receptor are critical to fetal growth and development as shown by the fact that null mutations of IGF-I, IGF-II, and type 1 IGF receptor result in major abnormalities (8, 9) . To mediate their mitogenic and differentiating effects, IGFs have to be available for their receptors, mainly through the type 1 IGF receptor. Six distinct IGFBPs (IGFBP-1 to -6) have been characterized (10) . Three are expressed in the fetal mouse kidney: IGFBP-2, -4, and -5, and they are present from d 14 of gestation (11) . IGFs are present in the developing kidneys from embryonic d 13 in the rat (12) . Their involvement in renal organogenesis has been further suggested in vitro by blocking metanephric growth with antibodies directed against IGFs (12) . The relevance of the type 1 IGF receptor in metanephric development has also been reported in mouse kidney organ culture (13) . Therefore, IGFs are potential candidates to control the number of nephrons. However, no study has been conducted to investigate this point in vivo in normal birth weight animals.
To address this question, we have used a transgenic model in which overexpressing hIGFBP-1 leads to decreased amounts of circulating IGFs. By mating nontransgenic, heterozygous and homozygous mice, we obtained fetal and/or maternal hIGFBP-1 transgenic expression. The impact on kidney development was analyzed by nephron counting and histologic studies.
METHODS

Animals
Wild-type B6/CBA mice and transgenic mice carrying the human ␣1-antitrypsin promoter fused to hIGFBP-1 cDNA were used in this study, and this promoter was selected to obtain liver-specific expression of the transgene (14) . Hepatic expression of the transgene was detected from embryonic d 15. Heterozygous and homozygous transgenic animals and nontransgenic littermates were identified on the basis of Southern blot analysis of DNA samples from tail biopsies; they expressed 3.0 Ϯ 0.4 ng and 13.7 Ϯ 1.4 ng of hIGFBP-1 per milliliter, respectively (14) .
To investigate the effect of the transgene on renal organogenesis, three types of mating were performed. Animals from mating B6/CBA female mice with B6/CBA male mice were controls (group 1). Mating of B6/CBA female mice with homozygous male mice generated newborn mice that were all heterozygous for the transgene (group 2). Animals from mating heterozygous female mice with heterozygous male mice were nontransgenic (group 3), heterozygous (group 4), or homozygous littermates (group 5). To summarize, the newborn mice were distributed as following: All the female mice were allowed to deliver spontaneously. Newborn animals were weighed within 4 h of birth. They were killed at birth or at 3 mo of age for histology and nephron mass determination. Kidneys were removed and weighed after sodium pentobarbital anesthesia (0.6 mg/10 g body wt i.p.).
All protocols used were approved by institutional review committees.
Nephron Mass Determination
The total number of nephrons was determined in 3-mo-old animals. Eight to 12 animals were used in each group. Whole kidneys were incubated in 50% hydrochloric acid (6 N) for 45 to 60 min at 37°C according to the kidney weight. After overnight storage in water at 4°C, macerated kidneys were placed in 50-mL gauged flasks. Controlled shaking led to a suspension of long tubular structures and intact glomeruli. Two to four aliquots of 0.5 mL were pipetted and used for glomeruli counting without prior knowledge of the group involved and by two different investigators.
Renal Histology
Light microscopy. Newborn mice kidneys were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) and washed overnight in the same buffer. After postfixation in 1% osmium tetroxide, they were dehydrated through a series of graded ethanol, infiltrated, and flat embedded in Epon. Serial sections of 1 m thick were cut parallel to the short axis of the kidney. Toluidine blue-stained sections were examined with a Nikon Optiphot microscope (Nikon France S.A., Champigny Sur-Marne, France).
Morphologic studies. The number of glomeruli and Sshaped bodies was determined in one whole kidney crosssection of newborn mice. For histologic variable measurements, video images were transferred onto a PowerMac (Apple Computer, Cupertino, CA, U.S.A.) workstation and analyzed using National Institutes of Health Image software (Bethesda, MD, U.S.A.). The position of S-shaped bodies and glomeruli within the cortical layer was recorded. For each group, 150 to 250 measurements were collected within the central zone of the immature cortex, opposite the developing papilla.
Metanephros Organ Culture
Metanephros organ culture was performed as previously described (15, 16) . Fetuses from Sprague-Dawley female rats with a known mating date (d 0 of pregnancy was the day after overnight mating) were taken at embryonic d 14. Whole metanephroi were collected and freed of exogenous tissue. Kidney rudiments were placed onto a 0.8-m Millipore AA filter (Millipore, Saint-Quentin-en-Yvelines, France), floating on a defined serum-free medium, and incubated 6 d in 35-mm Petri dishes at 37 Ϯ 0.5°C in a humidified incubator (5% CO 2 ). The medium originally described by Avner et al. (16) was used without insulin. Culture medium was devoid of antibiotic and fungicide and was changed daily. Experiments were performed under paired conditions, i.e. one metanephros was grown as a control, and the contralateral embryonic kidney from the same fetus was grown in IGF-supplemented medium. Human recombinant IGF-I and IGF-II were purchased from R&D Systems (Oxon, UK) and used at 10, 100, or 1000 ng/mL. All tissue culture reagents were obtained from Sigma Chemical Co., Saint Quentin Fallavier, France.
In vitro renal differentiation was assessed by lectin histochemistry as described previously (15) . Briefly, metanephroi were fixed with 2% paraformaldehyde in PBS, permeabilized with saponin, treated with neuraminidase, and incubated with rhodamine-coupled Arachis Hypogaea agglutinin to label podocyte membranes. The total number of nephrons present within the cultured metanephroi was then determined.
ANOVA combined with a test of Tukey. Comparisons of data from in vitro experiments were performed using the Wilcoxon's paired test. Significance was determined by p Ͻ 0.05.
RESULTS
Maternal or fetal expression of the transgene and pregnancy outcomes. The delivery of most of the female mice occurred during daylight, allowing us to determine and compare the duration of gestation after each mating (Table 1) . When B6/CBA female mice were mated with homozygous male mice, the duration of pregnancy was similar to that observed in the control group. A significant reduction of the number of pups per litter was noted, as previously found (14) . When heterozygous female mice were mated with heterozygous male mice, the duration of the gestation was significantly longer as compared with the control mating. As observed when B6/CBA female mice were mated with homozygous male mice, the number of pups per litter was significantly reduced, but this reduction was not accompanied by an increased birth weight. As shown in Table 2 , the body weight of the pups, irrespective of their genotype (nontransgenic, heterozygous, or homozygous, corresponding to groups 3, 4, and 5, respectively), was significantly lower as compared with control newborn mice.
Total number of nephrons in transgenic mice. At 3 mo of age, all animals from groups 1 through 4 had a similar body weight (24.0 Ϯ 0.6 g, 24.0 Ϯ 1.8 g, 24.0 Ϯ 1.1 g, and 23.0 Ϯ 0.9 g, respectively), but the homozygous transgenic mice (group 5) had a significantly lower body weight (18.0 Ϯ 2.0 g; p Ͻ 0.001). Similarly, kidney weights were significantly lower in homozygous transgenic mice than in mice of groups 1 through 4 (0.14 Ϯ 0.02 g versus 0.23 Ϯ 0.09 g, 0.25 Ϯ 0.09 g, 0.22 Ϯ 0.24 g, and 0.24 Ϯ 0.11 g, respectively; p Ͻ 0.001). Consequently, kidney weight to body weight ratio did not differ among the five groups of mice. This is consistent with our previous findings (14) . To evaluate the effect of hIGFBP-1 overexpression on kidney development, we then determined the total number of nephrons in mice of 3 mo of age, when renal differentiation and maturation are completed. Figure 1 reports the total number of nephrons in each group. Heterozygous mice born from a wild-type B6/CBA mother (group 2), corresponding to the expression of the transgene in the fetuses only, had a total number of nephrons reduced by 15% to 20% as compared with the wild-type B6/CBA control mice. Nontransgenic (group 3), heterozygous (group 4), and homozygous (group 5) mice born from heterozygous mothers had a similar reduction of the total number of nephrons. No further decrease in the nephron number occurred when the transgene was expressed in both fetus and mother. Intrauterine growth retardation in nontransgenic mice born from the same mating also led to a reduction of the total number of nephrons (Fig. 1,  group 3) .
Expression of the transgene and renal morphology at birth. To determine whether the expression of the transgene in the fetus only (group 2), in the mother only (group 3), or in both (groups 4 and 5) had an effect on renal development at birth, the morphology of newborn mice kidneys was analyzed. When the transgene was expressed only in the fetus, intrauterine growth was not affected, as showed by normal body weight and kidney weight in group 2 of newborn mice as compared with group 1 (Table 2) . Cortical width was similar in groups 1 and 2, as was the superficial cortical layer containing the nephrogenic mesenchyme and the renal vesicles. When heterozygous females and males were mated, this always resulted in fetal growth retardation. Even the nontransgenic pups (group 3) were significantly smaller than the control pups (group 1). Body weight at birth was reduced by about 20% in all groups of mice, and the same applied for the kidney weight. Both the whole cortical width and the superficial layer of nephrogenic mesenchyme were significantly smaller in groups 3, 4, and 5 than in group 1 ( Table 2) . Newborn rats from mating B6/CBA female mice with B6/CBA male mice were controls (group 1). Mating of B6/CBA female mice with homozygous male mice generated newborn mice that were all heterozygous for the transgene (group 2). Animals from mating heterozygous female mice with heterozygous male mice were nontransgenic (group 3), heterozygous (group 4), or homozygous littermates (group 5).
* p Ͻ 0.05 as compared with group 1.
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To determine when the nephron deficit took place in mice expressing hIGFBP-1 in the absence of growth retardation (group 2), we analyzed in details the renal morphology of newborn mice issued from B6/CBA female mice mated with homozygous male mice. In the mouse, nephrogenesis continues for a few days after birth. Therefore, besides the few developed glomeruli, nephron anlage stages such as S-shaped bodies and immature glomeruli can be identified on crosssections of newborn kidneys. Counting of both glomeruli and S-shaped bodies is reported in Table 2 . The same number of glomeruli and S-shaped bodies was found within the renal cortex of newborn mice of groups 1 and 2. Because nephrogenesis proceeds according to a centrifugal pattern, the deep glomeruli within the cortical layer represent the nephrons that have been induced first and the structures close to the renal capsule the ones that have been induced last. By recording the position of S-shaped bodies and glomeruli within the renal cortex, this allows us to analyze the successive generations of nephrons ( Fig. 2A) . As shown in Figure 2B , the nephron distribution in mice of groups 1 and 2 is also similar. Together, these data indicate that the fetal part of nephrogenesis was not affected in pups expressing hIGFBP-1. In growth retarded mice of groups 3, 4, and 5, a significant reduction of both the number of glomeruli and of S-shaped bodies was already present at birth.
Effect of IGF-I and IGF-II on renal differentiation in vitro.
To discriminate between the potential role of IGF-I or IGF-II on nephron induction, we used metanephros organ culture. Exogenously added IGF-I or IGF-II promoted metanephros growth as shown in Figure 3 . However, IGF-I had no effect on the number of nephrons formed in vitro whatever the concentration used. In contrast, IGF-II increased the number of nephrons by 25 and 40% at 100 and 1000 ng/mL, respectively.
DISCUSSION
The effects of increased IGFBP-1, which decreased the availability of IGFs, were investigated on nephron induction in mice transgenic for hIGFBP-1 (14) . The expression of the transgene was liver-specific and permanent from embryonic d 15 onward. Our results show that overexpression of hIGFBP-1 in the fetus or in the mother affected nephron number. When hIGFBP-1 is expressed only in the fetus, nephrogenesis is not affected before birth. Fetal growth was normal and morphology of the newborn kidney was undistinguishable from that of controls. However, a permanent reduction of approximately 20% of the number of nephrons is present in all transgenic mice born from a nontransgenic mother. Thus, the reduction in nephron number occurs during postnatal nephrogenesis in these mice. When hIGFBP-1 is expressed in the mother, and whatever genotype the fetuses are (homozygous, heterozygous, or nontransgenic), this results in a significant intrauterine growth retardation in the offspring. The fact that these growthretarded mice displayed a reduced number of nephrons is consistent with the observation of a thinner cortical width and with previous data (17) (18) (19) (20) . When hIGFBP-1 was expressed in both fetus and mother, there was no additional decrease in the number of nephrons, excluding an additive effect.
IGFBP-1 overexpression might impair kidney development by decreasing IGF bioavailability. Indeed, IGFs are bound to IGFBPs with high affinity (10 Ϫ10 to 10 Ϫ11 M), and both IGF-I and II have similar affinity for IGFBP-1 (21) . Because the affinity of IGFs for the IGFBPs and for the type 1 IGF receptor are similar, they could compete in vivo for ligand binding. Approximately 99% of IGFs are bound to IGFBP. In the circulation, 80% of the IGFs are bound to a high molecular weight complex containing IGFBP-3. The remaining 20% of the IGFs are associated with IGFBP-1, -2, or -4 in a smaller complex, which can diffuse into the intravascular space, target IGFs to tissues, and modulate their bioavailability by inhibiting or potentiating their actions (21) . In the kidney, IGFBPs are heterogeneously distributed to support their modulatory role in IGF actions (11, 22, 23) . The overexpression of hIGFBP-1 in our transgenic mice (13.7 Ϯ 1.4 ng/mL and 3.0 Ϯ 0.4 ng/mL in homozygous and heterozygous mice, respectively) remained stable with age (14) . This resulted in significant postnatal growth retardation, which may be caused by a decrease in IGF-I bioavailability that may result from both an excess of IGFBP-1 and a lack of IGF-I. Indeed, immunoreactive IGF-I plasma concentrations are decreased by half in homozygous adult transgenic mice compared with nontransgenic littermates (14) . Numerous studies of the hepatic secretion of IGFBP-1 show that plasma IGFBP-1 crosses the capillary boundary and controls the bioavailability of free IGF in the tissues (24, 25) . When IGFBP-1 plasma levels are high, as consistently seen in malnutrition, IGF bioavailability is reduced (24, 25) .
Nephron deficit in transgenic mice born to a nontransgenic mother (group 2) would not result from intrauterine growth (14) . Therefore, it could affect the last stages of kidney development by inhibiting the action of IGF. It has to be noted that between embryonic d 19 and postnatal d 1, despite a similar expression of the transgene, a significant increase in the binding affinity of IGFBP-1 was observed (14) suggesting that the bioavailability of circulating and local IGFs was probably restricted after birth in IGFBP-1 mice. This may account for the regulation of the final stages of renal organogenesis. As already described in rodents, levels of circulating IGF-I considerably increased after birth, whereas circulating IGF-II levels decrease (26) . In the developing mouse kidney, IGF-II mRNA levels are high and peak after birth (11) . Reexamination of IGF-I null mice has recently shown that a 20% nephron deficit was observed in the few surviving mice (27) . However, those mice exhibited generalized organ hypoplasia and severe growth retardation at birth. Inasmuch as growth retardation alone results in nephron number reduction, clear conclusions could not be drawn concerning a direct effect of IGF-I on nephrogenesis. In hIGFBP-1 mice, we show that postnatal nephrogenesis is affected, but whether this was caused by a deficit of IGF-I or IGF-II remains to be determined. The previous characterization of this model demonstrated that hIGFBP-1 heterozygous and wild-type mice had similar plasma IGF-I concentrations. As evidenced in vitro for early stages of nephrogenesis, IGF-II but not IGF-I can increase the number of nephrons in a dose-dependent manner. This suggests that, in group 2, the defect in postnatal nephron induction is rather secondary to a significant decrease of circulating IGF-II. Throughout kidney development, IGF-II is expressed at high levels compared with IGF-I, and this holds true during the first postnatal days when most of the nephrons are formed (11, 22) . However, we cannot exclude that increased amount of IGFBP-1 may have its own effect on renal organogenesis; it has been shown that IGFBP-1 through its RGD (Arg-Gly-ASP) sequence can interfere with integrin signaling (28, 29) , known to play a role during kidney development (30 -32) .
The nephron deficit in mice born from transgenic mothers may be related to fetal growth retardation. Fetal growth retardation caused by a restriction of maternal food or protein or by partial uterine artery ligation leads to small fetal kidneys (19, 33, 34) . Examination of kidney sections taken from newborn rats issued from protein-deprived mothers suggested that the small kidney size was associated with the reduced nephron number (20) . Determination of the total number of nephrons confirmed that there was a direct correlation between growth retardation and a reduction in nephron number (19) . Recent experiments have shown that high doses of dexamethasone given to pregnant rats from d 1 after mating to parturition affect nephrogenesis, leading to substantial nephron deficits (35) . The pups have a reduced birth weight, which may per se result in nephron deficit. The same relationship exists in man: intrauterine growth retardation may be a major cause of inborn nephron deficit (17, 18, 36) , pointing to the possible involvement of common growth factors responsible for fetal development and determination of the number of renal functional units. It is well known that intrauterine growth retardation in animal models and in man is associated with an increased IGFBP-1 expression during the fetal period (24, 25) . There is an inverse relationship between birth weight and both fetal and maternal serum IGFBP-1 (37) (38) (39) (40) . These studies on IGFBP-1 in relation to birth weight were performed on samples collected at or close to the time of delivery. Hills et al. (41) recently studied this relationship throughout pregnancy. They showed that maternal serum IGFBP-1 levels are high and low in small-forgestational-age and large-for-gestational-age babies, respectively, as compared with average-for-gestational-weight babies. This suggests that IGFBP-1 may be an important factor in pathologic growth retardation. Because IGFBP-1 does not cross the placenta (42), fetal growth retardation in groups from hIGFBP-1 transgenic mothers is probably secondary to insufficient nutrient supply. This is consistent with the proposal that high IGFBP-1 levels could limit placental growth with a secondary effect on fetal growth (41) .
In conclusion, we provided evidence, in vivo, that overexpression of IGFBP-1 can affect renal organogenesis without the occurrence of intrauterine growth retardation. The reduction in nephron number is likely related to a decreased bioavailability of IGFs. Experiments are needed to further discriminate between the role of IGF-I and IGF-II on in vivo nephrogenesis. 
